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ABSTRACT Substrate-supported planar lipid bilayer membranes are attractive model cellular membranes for biotechnological
applications such as biochips and sensors. However, reliable fabrication of the lipid membranes on solid surfaces still poses
signiﬁcant technological challenges. In this study, simultaneous surface plasmon resonance (SPR) and surface plasmon
ﬂuorescence spectroscopy (SPFS)measurements were applied to themonitoring of adsorption and subsequent reorganization of
phospholipid vesicles on solid substrates. The ﬂuorescence intensity of SPFS depends very sensitively on the distance between
the gold substrate and the ﬂuorophore because of the excitation energy transfer to gold. By utilizing this distance dependency, we
could obtain information about the topography of the adsorbedmembranes: Adsorbed vesicles could be clearly distinguished from
planar bilayers due to the high ﬂuorescence intensity. SPSF can also incorporate various analytical techniques to evaluate the
physicochemical properties of the adsorbed membranes. As an example, we demonstrated that the lateral mobility of lipid
molecules could be estimated by observing the recovery of ﬂuorescence after photobleaching. Combined with the ﬁlm thickness
information obtained by SPR, SPR-SPFS proved to be a highly informative technique to monitor the lipid membrane assembly
processes on solid substrates.
INTRODUCTION
Substrate-supportedplanar lipid bilayers (termed simplyplanar
bilayers in the following) represent versatile model membrane
systems for fundamental studies of the biological membrane as
well as for biomedical applications (1). Planar bilayers have
been used to study cell-cell recognition in the immune system
(2–4), cell adhesion (5,6), and reconstitution of membrane
proteins (7–11). Planar bilayers are usually prepared by two
different methods: 1), consecutive transfer of lipid monolayers
from aqueous surfaces (the Langmuir-Blodgett/Langmuir-
Schaefer method), and 2), the adsorption and reorganization
of lipid vesicles on the substrate surface (the vesicle fusion
method) (2,12). The latter method is increasingly becoming
popular, primarily because it is a simple self-assembly process.
However, reliable and routine formation of planar bilayers
via vesicle fusion still remains an experimental challenge for
various combinations of substrates and lipids. For reliable pro-
duction of planar bilayers, development of analytical tools to
monitor the vesicle fusion process is important. To date, various
analytical techniques have been applied to the monitoring of
the vesicle fusion process, including light microscopy-based
techniques (13,14), impedance spectroscopy (15), surface
plasmon resonance (SPR) (16,17), ellipsometry (18), quartz
crystal microbalance with dissipation monitoring (QCM-D)
(19–21), and atomic force microscopy (AFM) (21–24). Al-
though these analytical tools contributed signiﬁcantly to the
fundamental understanding of the vesicle fusion process, the
subtle interplay of various factors that determine the self-
assembly process and the physicochemical properties of thus
formed membranes remain rather poorly understood.
Recently, surfaceplasmonﬂuorescence spectroscopy (SPFS)
was introduced as a technique that offers higher detection limits
and higher sensitivity than the SPR and QCM-D methods
(25,26). SPFS is ﬂuorescence spectroscopy that uses the ex-
citation by an evanescent ﬁeld ampliﬁed at the metal-dielectric
interface, i.e., a surfaceplasmonﬁeld. It is highly surface speciﬁc
and extremely sensitive owing to the surface plasmon ﬁeld,
which can be enhanced ;20 times compared with the ﬁeld of
total internal reﬂection (27). For example, pointmutant detection
between oligonucleotides (15 basepairs) in a dilute surface is
difﬁcult toobservebySPRquantitatively,whereas aquantitative
analysis of the association (hybridization) and dissociation pro-
cess was possible by SPFS using target oligonucleotide chemi-
cally labeled with a ﬂuorescent molecule (28).
In this article we present the application of simultaneous
SPR-SPFSmeasurements to study the formation of biomimetic
lipid membranes on solid surfaces. Adsorption and trans-
formation of phospholipid vesicles into planar bilayers were
observed on gold substrates covered either by a self-assembled
monolayer (SAM) of thiols or by a silica layer of deﬁned
thickness (Fig. 1). In the combined SPR-SPFS analysis, the
thickness of the adsorbed lipid materials can be determined
in the subnanometer precision by SPR, whereas information
related to the topography and physicochemical properties of the
membrane can be provided by SPFS. We demonstrate the
capacity of SPR-SPFS to distinguish the type of adsorbed
membranes (whether vesicles or planar bilayers are adsorbed)
by using the distance-dependent ﬂuorescence quenching by
the gold substrate. Furthermore, introduction of ﬂuorescence
allows the application of various ﬂuorescence-based analytical
techniques. As an example, SPFS was applied to estimate the
lateral mobility of membrane-associated molecules by moni-
toring the recovery of ﬂuorescence after photobleaching.
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Finally, we compare SPR-SPFS with other analytical methods
to discuss its advantages and current limitations.
MATERIALS AND METHODS
Materials
Phosphatidylcholine from egg yolk (egg-PC) was purchased from Avanti
Polar Lipids (Alabaster, AL). 1,19-dioctadecyl-3,3,39,39-tetramethylindodi-
carbocyanine perchlorate (DiD; excitation/emission: 644 nm/665 nm, extinc-
tion coefﬁcient: 260,000) was purchased from Molecular Probes (Eugene,
OR). Thiols, i.e., thioglycolic acid (HSCH2COOH), 2-mercaptoethylamine
(HS(CH2)2NH2), and 1-dodecanethiol (HS(CH2)11CH3), were purchased
from Aldrich (St. Louis, MO). All other chemicals were purchased as the re-
agent grade and usedwithout further puriﬁcation.Glass substrates (253 253
1.5 mm) with a high refractive index (LaSFN9: e9¼ 3.4069 at l¼ 632.8 nm)
were obtained from Hellma Optik (Jena, Germany). Gold (Au), chromium
(Cr), and silica (SiO2) targets for the sputtering were obtained from Furuuchi
Chemical (Tokyo, Japan).
Substrates preparation
LaSFN9 glass substrates were cleaned by sonicating in a 1% Hellmanex
(Hellma, Mu¨llheim, Germany) solution for 20 min and rinsing extensively
with fresh Milli-Q water. Finally, they were completely dried under airﬂow.
Either of the following surface conﬁgurations was constructed on the
LaSFN9 substrate: 1), anAu thin layer coveredwith a SAMof thiols, or 2), an
Au thin layer covered with a SiO2 overlayer (with an adhesion layer of Cr).
Au, Cr, and SiO2 coating was prepared by sputtering. An Au thin ﬁlm was
deposited by a direct current (DC)-magnetron sputtering of 100 W onto
LaSFN9glass substrates in anAr gas of 8 Pa in pressure (SINKOSEIKI SCV-
430, Nagano, Japan). The sputtering time was ;1 min so that a gold layer
thickness could be set to 486 5 nm. The SiO2 substrates were prepared by the
following two steps using a different sputtering machine (Rikensya RSP-4-
RF5/DC5, Osaka, Japan). First, a Cr layer of,1-nm thick was deposited by
the DC sputtering with a power of 5 W at room temperature onto the Au
surface in an Ar gas of 0.1 Pa. Subsequently, a SiO2 layer of 3–80-nm thick
was deposited onto the Cr layer by an RF-magnetron sputtering with a power
of 100 W at room temperature in an Ar gas of 0.1 Pa.
SAMs were formed from an ethanol solution (concentration: 1–5 mM) in
situ in the sample cell built in the SPR-SPFS setup (vide infra). The SAM
formation was monitored by SPR.
Vesicle preparation
Vesicle suspensions of 1 mM egg-PC containing a trace amount of DiD
ﬂuorescence marker (0.01 M phosphate buffer with 0.15 M NaCl (pH 6.6))
were prepared by the following protocol. Lipids were mixed in a chloroform
solution and the solvent was evaporated by a stream of nitrogen and vacuum,
and the lipids were allowed to hydrate in buffer. The resulting multilamellar
vesicles were put through ﬁve freeze-thaw cycles and then extruded through
a polycarbonate ﬁlter with pores of 50 nm diameter (LiposoFast, Avestin,
Ottawa, Canada).
SPR-SPFS measurements
The details of the SPFS setup are described in previous articles (26,28).
Brieﬂy, the setup is based on essential modules of a ‘‘normal’’ surface
plasmon spectrometer as shown in Fig. 2. A He-Ne laser operating at 632.8
nm passes an optical chopper (used also as the reference for the lock-in
ampliﬁer) and two polarizers for intensity and polarization control. By using
a u2u goniometer, the light reﬂected at the substrate coveredwith a thin gold
layer is monitored by a photo diode. Here, the diameter size of the laser
spot was;1 mm. Any change of the interfacial architecture, e.g., induced by
adsorption or desorption processes, can be quantiﬁed by evaluating the
resulting shift of the SPR spectra. As discussed in the previous article (26), the
optical ﬁeld which is strongly enhanced at the SPR angle can be used to excite
ﬂuorescence molecules attached to the surface-bound analyte. The angular
characteristic of the ﬂuorescence intensity then follows the angular de-
pendence of the optical ﬁeld at the interface. Compared with the intensity
enhancement for total internal reﬂection (;4 times that of the incident light)
at the critical angle, the enhancement for SPR can reach up to 20–30 times
higher. Fluorescent molecules that are within the evanescent ﬁeld, which
decays normal to the interfacewith a penetration depth of Lz¼ 150nm, can be
excited by this surface plasmon mode. The emission is monitored by a
photomultiplier (after passing through an appropriate lens, 10%-NDﬁlter, and
a narrow band interference ﬁlter, l ¼ 670 6 5 nm) mounted to the goni-
ometer part that rotates with u, as does the coupling prism (Fig. 2). The time-
dependent ﬂuorescence spectra were also observed by SPFS.
The employed sample cell is made of teﬂon and contains in- and out-
lets for the solution exchanges. Two sides of the cell are sealed via a Viton
O-ring against a quartz plate and an Au-coated high refractive glass slide
(LaSFN9), which is index matched to the prism, respectively. The diameter
of a substrate applicable to the formation of a planar lipid bilayer is 6.0 mm,
i.e., large enough compared with the observation area (the size of the laser
spot). All solutions used in this study were prepared using a phosphate buffer
(0.01M) with additional NaCl (0.15 M) at pH¼ 6.6. All measurements were
performed at room temperature (22C 23C).
For the measurement of ﬂuorescence recovery after photobleaching
(FRAP), the same SPFS setup was used. The incident light was focused to
a smaller spot at the center of the illumination area used for other SPR-SPSF
measurements. Before photobleaching, the initial ﬂuorescence intensity was
measured by opening the shutter for 1 s every 10 min. The intensity was atten-
uated to 10% with an ND ﬁlter inserted in front of the prism. Photobleaching
was performed by keeping the shutter open for 2 min without the ND ﬁlter
FIGURE 1 Scheme of the vesicle fusion process. The adsorbed vesicles
either transform into a planar bilayer or remain intact. The right side depicts
the silica-coated substrate used in this study.
FIGURE 2 Schematic diagram of the SPR-SPFS setup.
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(100% power). After photobleaching, the recovery of ﬂuorescence was
observed by opening the shutter again for 1 s every 10 min with the ND ﬁlter
inserted in front of the prism.
RESULTS AND DISCUSSION
Adsorption and transformation of phospholipid
vesicles observed by SPR-SPFS
We ﬁrst describe typical SPR-SPFS observations made during
the vesicle fusion process. Fig. 3 shows SPR-SPFS spectra
and kinetic measurements for the adsorption of phospho-
lipid vesicles on a gold substrate modiﬁed with a monolayer
of carboxylate-terminated alkanethiol (COOH). As egg-PC
vesicles containingDiDmarker (104 mol/mol) adsorbed onto
the substrate surface, the SPR dip shifted to a larger angle and
a ﬂuorescence peak appeared in the same angle region (Fig. 3
A). The SPR curve was ﬁtted to the theoretical model based
on Fresnel’s equation to obtain the adsorbed ﬁlm thickness,
assuming the refractive index of phospholipid bilayers to be
1.49 (29,30). (Software called WINSPALL was used for the
ﬁtting. It is based on the Fresnel equations and the matrix
formalism. WINSPALL was developed in Prof. Wolfgang
Knoll’s group at the Max-Planck-Institute for Polymer
Research (Mainz, Germany) and is publicly available for the
analysis of SPR (http://www.mpip-mainz.mpg.de/documents/
akkn/index.html).) The obtained thickness and ﬂuorescence
intensitywere plotted versus the elapsed time (Fig. 3B). (In this
study, the information obtained from SPR-SPFS measurement
was averaged within the area corresponding to the laser spot
with the diameter of;1 mm as described in the Materials and
Methods section. The adsorbed membrane is assumed to be
homogeneous within the area.) The adsorbed ﬁlm thickness
reached a plateau value of;8.0 nmwithin 400 s and increased
only slightly afterwards, whereas the ﬂuorescence intensity
decreased gradually after reaching the maximum. The vesicle
suspension was exchanged with a buffer solution after incuba-
tion of ;90 min. Both the ﬁlm thickness and ﬂuorescence
intensity remained unchanged. As the cell was further rinsed
with Milli-Q water, we observed a drastic decrease of the ﬁlm
thickness and ﬂuorescence intensity (Fig. 3, A and B). The
obtained ﬁnal ﬁlm thickness was 3.7 nm, which corresponds to
the thickness of a phospholipid bilayer. (Milli-Q water and
buffer solutionhavedifferent refractive indices. This difference
was incorporated in the SPR curve ﬁtting to evaluate the
adsorbed layer thickness.) On the other hand, the SPR-induced
ﬂuorescence practically diminished due to the excitation
energy transfer to the gold substrate, which is an indication
for the formation of a planar bilayer, as described in detail in the
following section.
Distance-dependent energy transfer from the
adsorbed ﬁlm to the gold substrate
Nonradiative energy transfer from an excited molecule to
the nearby gold substrate is an effective decay channel for
the excited molecule. The efﬁciency of excitation energy
transfer is distance dependent, and its purposeful use plays a
critical role in these SPR-SPFS measurements. The distance-
dependent energy transfer rate from a donor molecule to a
planar surface has been previously discussed using the so-
called CPS model (after R. R. Chance, A. Prock, and R.
Silbey) (31). Unlike the Fo¨rster transfer between dipoles of
molecules, which has the energy transfer rate inversely pro-
portional to the sixth power of the distance between donor-
acceptor molecules, the energy transfer rate from a donor
molecule to the planar metal substrate decays with the third
power of the distance (vide infra) (32,33).
To assess the distance dependency of the energy transfer
(quenching), we have fabricated gold substrates covered with
FIGURE 3 Vesicle fusion process on a COOH surface monitored by SPR-
SPFS. (A) SPR (solid lines) and SPFS (broken lines) spectra before adding
egg-PC vesicles (a and d), after rinsing with buffer solution (b and e), and
after rinsing with Milli-Q water (c and f), respectively. (B) The time
evolution of the lipid layer thickness observed by SPR (upper frame) and the
ﬂuorescence intensity observed by SPFS (bottom frame) in the vesicle fusion
process. The bars Rb and Rm indicate the values after rinsing with buffer and
Milli-Q water, respectively.
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silica of varied thickness and observed the ﬂuorescence
intensity from absorbed egg-PC/DiD bilayers. Fig. 4 shows
the SPR-SPFS spectra and the time evolution of layer thick-
ness and ﬂuorescence intensity obtained during the vesicle
fusion process. The thickness of the SiO2 layer prepared on
Au substrate was 3.3 nm in Fig. 4, A and C, and 19 nm in Fig.
4, B and D, respectively. After rinsing with buffer solution
and Milli-Q water, the remaining ﬁlm thickness was 4.0 nm
in both cases, indicating the adsorption of a planar bilayer
membrane. The ﬂuorescence intensity decreased practically
to zero by rinsing with Milli-Q water in the case of Fig. 4, A
and C, whereas it decreased only slightly in the case of Fig. 4,
B and D. The different attenuation behaviors of ﬂuorescence
intensity shown in these two samples result from different
efﬁciency of energy transfer from excited DiD molecules in
the bilayer to the gold layer. The thickness of the dielectric
layer that separated the bilayer and gold substrate was much
thinner in the former case, enabling more efﬁcient energy
transfer. Fig. 5 shows a plot of the ﬂuorescence intensity and
ﬁlm thickness of adsorbed egg-PC bilayers as a function of
the SiO2 layer thickness. In all data points the adsorption
behaviors of the vesicles were monitored by SPR and SPFS
simultaneously. Formation of planar bilayers was postulated
from the SPR data in which the ﬁlm thickness was constantly
;4.0 nm. On the other hand, the ﬂuorescence intensity
increased up to ;50 nm and decayed gradually for larger
distances.
The observed distance dependency can be explained by
the quenching effect and the power attenuation of the evanes-
cent ﬁeld. The intensity of ﬂuorescence excited by the surface
plasmon ﬁeld at a distance of d1 from the gold surface, F(d1),
can be described as
Fðd1Þ=F0 ¼ Iexðd1Þ=I0 Fðd1Þ=F0; (1)
which is normalized to the theoretical ﬂuorescence inten-
sity at the gold surface (d1 ¼ 0) under the assumption that
no quenching occurs, F0. Iex(d1) and I0 are the optical power
of excitation at the distance of d1 and on the gold surface,
respectively. F(d1) and F0 are the ﬂuorescence quantum
yield with and without considering d1-dependent energy trans-
fer to gold, respectively. Iex(d1) can be expressed using distance-
dependent attenuation of the evanescent ﬁeld as
Iexðd1Þ ¼ I0  expð2p=lex  n1  d1  ððn0=n1Þ2
 ðsin uÞ2  1ÞÞ; (2)
in which lex, n0, and u are the wavelength of incident light,
the refractive index of prism (1.85), and the observed angle,
respectively. n1 and d1 correspond to the refractive index and
the thickness of the dielectric layer that is separating the ﬂuo-
rophore from the gold surface.
On the other hand, F can be generally described as be-
low using three rate constants corresponding to the radiative
(ﬂuorescence) rate (kr), the nonradiative rate (knr), and the
energy transfer rate (kET) from excited molecules.
FIGURE 4 Vesicle fusion process
on a SiO2 surface monitored by SPR-
SPFS. SPR (solid lines) and SPFS
(broken lines) spectra before adding
egg-PC vesicles (a and d)), after rinsing
with buffer (b and e), and after rinsing
with Milli-Q water (c and f), respec-
tively, (A) at SiO2 (3.3 nm) surface and
(B) at SiO2 (19 nm) surface. The time
evolution of the lipid layer thickness
observed by SPR (upper frame) and the
ﬂuorescence intensity observed by SPFS
(bottom frame) in the vesicle fusion
process (C) at SiO2 (3.3 nm) surface and
(D) at SiO2 (19 nm) surface. The bars
Rb and Rm are the same as in Fig. 3.
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F ¼ kr=ðkr1 knr1 kETÞ: (3)
Therefore, F/F0 can be described as
F=F0 ¼ 1=ð11 ðkET=ðkr1 knrÞÞÞ ¼ 1=ð11 ðbˆETÞÞ; (4)
where bˆET is deﬁned by kET/kr 1 knr. As mentioned above,
the distance dependence of the energy transfer rate from
a donor molecule to the planar metal surface has been de-
scribed most quantitatively using the CPS model. Under the
conditions that dˆ1 (¼ n1d1) 1, d2 is large, and d2/d1 $ 1,
where d2 is the gold layer thickness and n1 is deﬁned by
n12p/lem (lem: wavelength of emission), the normalized
energy transfer rate, bˆET, can be theoretically expressed
(along the lines of Fo¨rster transfer theory) by
bˆET ¼ p F0=4  ðdˆ1Þ3  Imððe2ðvÞ  e1Þ=ðe2ðvÞ1 e1ÞÞ
¼ b  ðd1Þ3; (5)
in which p and e express the orientation factor for transi-
tion moment of ﬂuorescent molecules and the frequency-
dependent complex dielectric constant composed of real (e9)
and imaginary (e$) parts, respectively. The subscripts 1 and
2 denote the dielectric and gold layers, respectively. Depend-
ing on whether the transition moment aligns to the direction
parallel or perpendicular to the substrate surface, the value
of p can be set as 3/4 or 3/2, respectively. The transition
moment of ﬂuorescent molecule, DiD, used in this study is
considered to tilt at ;75–80 to the metal surface normal
(34), i.e., to be almost parallel to the surface (35,36). There-
fore, the value of p was set to 0.8 in this study. The ﬂuo-
rescence quantum yield of DiD could be assumed to be near
1.0 by referring to the previous reports (37,38). Under the
currently used experimental conditions (gold layer thickness
(d2) ¼ 48 6 5 nm, refractive index of SiO2 (n1) ¼ 1.45, and
ﬂuorescence wavelength (lem) ¼ 670 nm), Eq. 5 is con-
sidered to be valid for d1 , ;70 nm. As found from Eq. 5,
bˆET can be expressed by the product of the constant value, b,
and the reciprocal of the third power of d1. By introducing
Eqs. 2, 4, and 5 to Eq. 1, F(d1)/F0 is derived to be
Fðd1Þ=F0 ¼ expð2p=lex  n1  d1  ððn0=n1Þ2
 ðsin uÞ2  1ÞÞ  1=ð11b  ðd1Þ3Þ: (6)
For a small d1, the second term (quenching) dominates the
obtained F(d1)/F0 value, whereas the ﬁrst exponential term
(decay of the evanescent wave) becomes determinant for a
large d1. We have simulated the ﬂuorescence intensity from
an adsorbed planar bilayer assuming that equal amounts of
DiD molecules are distributed to each side of the bilayer. As
an approximation, the vertical displacement of ﬂuorophore in
the two monolayers was assumed to be 4 nm, i.e., that DiD
molecules existed at d1 and d11 4 nm, and the same refractive
index as SiO2 (1.45) was used for the lipid layer. Furthermore,
the thickness of the aqueous layer which is supposed to exist
between the lipid layer and the substrate was neglected. The
simulation curve depicted in Fig. 5 was obtained by using
e2(v) ¼ 10.0 1 1.45i, which is appropriate as the complex
dielectric constant of gold at the wavelength of 670 nm. The
simulation curve agrees signiﬁcantly well to the experimental
results, validating the adequacy of the CPS model for the
excitation energy transfer between the adsorbed membrane
and the underlying substrate. This result in turn shows that
the separation between the adsorbed lipid membrane and the
gold substrate (d1) can be deduced from the ﬂuorescence inten-
sity observed by the SPSF measurements.
Interface-dependent adsorption and
transformation of phospholipid bilayers
The distance-dependent ﬂuorescence intensity in the SPFS
measurements gives information concerning the separation
of the adsorbed lipid ﬁlms from the gold substrate. Bilayers in
vesicles generally have a larger separation compared with
planar bilayers. Accordingly, for a given amount of lipid ﬁlm
adsorbed, which can be determined by SPR, they have much
higher ﬂuorescence intensities detected by SPFS compared
with planar bilayers. Therefore, basically it is possible to
distinguish whether vesicles are adsorbed on the surface or
are transformed into a planar bilayer. For example, the differ-
ence is evident in Fig. 3. After the incubation with egg-PC/
DiD vesicles, the substrate surface was successively rinsed
with buffer solution and Milli-Q water. Rinsing with the
buffer solution hardly changed the ﬂuorescence intensity,
whereas rinsing with Milli-Q water drastically reduced it. At
the same time, the ﬁlm thickness obtained from SPR was
reduced from 7.8 nm to 3.7 nm. The high ﬂuorescence in-
tensity after the buffer rinsing indicates that there was still
a considerable amount of excess lipid material adsorbed as
vesicles. Rinsing with Milli-Q water removed these vesicles,
FIGURE 5 SiO2 thickness dependence of the ﬂuorescence intensity
observed by SPFS and the theoretical curve for ﬂuorescence quenched by
the Fo¨rster mechanism (upper frame). The lipid layer thicknesses evaluated
by SPR for each SiO2 interface are also shown in the bottom frame.
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leaving a planar bilayer on the substrate. (We currently do not
have a mechanistic explanation for the effectiveness of the
Milli-Q water rinsing, although it has been reported that
rinsing with a dilute NaOH solution effectively removes
loosely absorbed phospholipid vesicles from the surface by
electrostatic repulsion (17).)
Table 1 summarizes the SPR-SPFS data for the vesicle
fusion experiments on various substrates. For SAM surfaces,
the interface is very close to the gold substrate and formation
of planar membranes (either monolayer or bilayer) is charac-
terized by a very low ﬂuorescence intensity due to the effec-
tive quenching and an appropriate layer thickness. Therefore,
the adsorbed lipid ﬁlms on COOH and CH3 surfaces after
Milli-Q water rinsing are concluded to be a single sheet of
planar bilayer and monolayer, respectively. (Vesicle fusion
on hydrophilic surfaces was less reproducible compared with
that on hydrophobic surfaces. Whether vesicles remain ad-
sorbed on the substrate was very much dependent on indi-
vidual samples.) On the other hand, judging from the high
ﬂuorescence intensity, there are adsorbed vesicles on the NH2
surface. The adsorbed vesicles may be trapped to the surface
by electrostatic interactions. The ﬂuorescence intensity even
increased after the Milli-Q water rinsing, indicating that the
shape of the vesicles changed. It should be noted that although
high ﬂuorescence intensity is a clear indication of adsorbed
vesicles, it does not exclude the possibility that a planar
bilayer also exists on the substrate.
For silica surfaces, the adsorption behaviors were more
straightforward. It is well established that PC vesicles tend to
form a planar bilayer on hydrophilic silica surfaces (19). The
ﬁlm thickness after Milli-Q water rinsing was ;4.0 nm, as
determined by SPR, corroborating the planar bilayer forma-
tion. On the other hand, the ﬂuorescence intensities increased
with the thickness of the silica layer that separated the ad-
sorbed ﬁlm from the gold layer, as discussed in the previous
section.
To obtain further insight into the vesicle adsorption
and transformation process, we have plotted the ﬂuorescence
intensity versus the ﬁlm thickness observed during the vesicle
fusion process (Fig. 6). Fig. 6 A shows the fusion process on
the SAM surfaces. Three kinds of surfaces were compared,
i.e., a hydrophobic CH3 surface, a negatively charged COOH
surface, and a positively charged NH2 surface. For all three
surfaces, the ﬂuorescence increased linearly with the lipid
layer thickness in the early stage of the incubationwith vesicle
suspensions. The slopes were nearly the same. Since the
adsorption occurred at an interface that is located very close to
the gold substrate (,1.5 nm), the observed ﬂuorescence is
supposed to have arisen mostly from adsorbed vesicles
regardless of the kind of SAMs. The thickness exceeded the
expected values for planar bilayers and monolayers, and the
ﬂuorescence intensities started to decrease slightly above
the thickness of ;7 nm in the case of hydrophilic surfaces.
The reduction may be because of the topographical changes
of the adsorbed vesicles (either ﬂattening of vesicles or trans-
formation into planar bilayers). The incubation was termi-
nated at the point depicted with open symbols. The changes
that followed the rinsing processes with buffer and Milli-Q
water are indicated as crossed and solid symbols, respec-
tively. (These changes are also shown in Table 1.) As de-
scribed previously, ﬂuorescence from the adsorbed ﬁlms
diminished to nearly zero in the case of CH3 and COOH sur-
faces, suggesting the formation of planar membranes.
Fig. 6 B shows the fusion processes on the surface of SiO2
layers with the thickness of 6.9, 19.6, and 50.0 nm. In either
case, the ﬂuorescence intensity increased linearly with the
lipid layer thickness. The slope was larger for samples with
a thicker SiO2 layer, as expected from the quenching effect.
The rinsing with Milli-Q water caused only a slight decrease
in the ﬂuorescence, indicating that there are not many ex-
cessive adsorbed vesicles. The linear increase of ﬂuores-
cence with respect to the thickness also indicates that the
amount of transiently adsorbed vesicles during the vesicle
fusion process is rather small in the timescale of current SPR-
SPFS measurements. For the vesicle fusion of PC on silica,
QCM-D and AFM studies have demonstrated the presence of
nonruptured vesicles accumulated on the surface before the
TABLE 1 Lipid layer thickness and ﬂuorescence intensity on
the various interfaces after rinsing with buffer and Milli-Q water
Interface
Layer thickness/nm Fluorescence intensity/cps
Buffer rinse Milli-Q rinse Buffer rinse Milli-Q rinse
COOH 7.8 3.7 105,000 1,400
NH2 7.8 7.8 81,500 114,500
CH3 2.1 1.9 7,600 1,900
SiO2 d1¼ 3.3 nm 5.2 4.2 27,000 1,600
SiO2 6.3 nm 4.0 3.9 12,200 10,000
SiO2 20.0 nm 3.9 3.8 51,600 44,000
SiO2 50.0 nm 4.1 4.1 87,000 81,000
FIGURE 6 Plot of ﬂuorescence intensity versus adsorbed lipid ﬁlm
thickness during the vesicle fusion process. (A) At the SAM surfaces with
COOH (broken line, h), CH3 (dotted line, s), and NH2 (solid line, ))
terminal groups, (B) at the surface of SiO2 with the thickness of 6.9 nm
(dotted line,s), 19.6 nm (solid line,)), and 50.0 nm (broken line,h). The
open symbols indicate the time point when the incubation with vesicle
suspensions was terminated. The incubation time was 90 min, 125 min,
95 min, and 40 min for COOH, CH3, NH2, and SiO2 surfaces, respectively.
After incubation, the cell was successively rinsed with buffer solution and
Milli-Q water. The crossed symbols and the solid symbols correspond to the
data points after the rinse with buffer and Milli-Q water, respectively.
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formation of planar bilayers. A lower limit of the adsorbed
vesicle amount (critical vesicle concentration) was proposed
as a necessary condition for the transition from vesicles to
planar bilayer. Such accumulation of vesicles should have
resulted in a temporal rise in ﬂuorescence. Absence of this
observation in Fig. 6 B may indicate that adsorbed vesicles
transformed rather directly into a planar bilayer without
accumulation on the substrate surface. (It is known that
under some conditions lipid vesicles can also transform di-
rectly into planar discs upon adsorption onto the substrate.)
However, the real reason for the different observations in
previous QCM-D/AFM studies and current SPR-SPSF mea-
surements is currently not clear. Further experiments are
necessary for more detailed analysis of the fusion mechanism.
FRAP of the planar phospholipid bilayer
In biological membranes, lateral mobility of membrane-
associated molecules is essentially important for their func-
tions. Therefore, lateral mobility has often been regarded as
a criterion for the successful reconstitution of artiﬁcial model
membranes on solid supports. For the assessment of this
property, the FRAP technique has been widely used, which
monitors the recovery of ﬂuorescence in the locally photo-
bleached spot by an attenuated illumination. To evaluate the
lateral diffusion of lipid molecules in the planar bilayers,
FRAP was in situ measured using the same SPR-SPFS as the
observation of the vesicle fusion process. A typical recovery
proﬁle is shown in Fig. 7. We have locally photobleached the
ﬂuorophore (DiD) in a planar egg-PCbilayer formedon a gold
substrate covered with a 20-nm-thick silica layer with an
intense plasmon excitation light. The ﬂuorescence recovery
was subsequently monitored by an attenuated plasmon
excitation. The recovery of ﬂuorescence clearly showed that
the lipid bilayer membrane was ﬂuid and continuous over
a long distance. The diffusion constant of DiD in the bilayer
was estimated to be 0.9 6 0.5 mm2/s by ﬁtting the ex-
perimental data to the diffusion equation originally proposed
by Axelrod et al. (39) and modiﬁed by Soumpasis (40). The
observed diffusion was rather slow for a typical phospholipid
bilayer, and the uncertainty was also large. It is primarily due
to the fact that we used a rather large, elliptic illumination
area (;250 mm 3 500 mm) and observed the recovery for
a prolonged period of time. Though these conﬁgurations
are certainly not ideal for quantitative determination of the
diffusion coefﬁcients, current results demonstrate that the
assessment of the membrane lateral mobility by the SPR-
SPFS measurements is feasible.
Comparison with other analytical techniques
Simultaneous SPR-SPFS analysis has various unique advan-
tages for evaluating the formation of biomimetic membranes
on solid substrates. One of the most signiﬁcant features is the
ability of SPFS to give information related to the topography
of the membrane, i.e., separation from the substrate surface.
Conventional SPR can determine the adsorbed ﬁlm thickness,
but it is not possible to acquire information on the topography
of adsorbed membranes. As described above, by using SPR-
SPFS we can distinguish unambiguously whether vesicles
or planar bilayers are adsorbed on the substrate surface. We
showed by the SPFS data that vesicles remain adsorbed on
some substrate surfaces even after rinsing with buffer solu-
tion or Milli-Q water. It would be impossible to distinguish
adsorbed vesicles from planar bilayers solely from SPR
measurements, partially because the optical constants of the
membrane are also variable. It should be noted, however,
that the presence of adsorbed vesicles does not necessarily
exclude the possibility that planar bilayers also exist. It is
currently not possible to quantitatively evaluate the amount
of coadsorbed vesicles and planar bilayers. One may be able
to obtain information by carefully analyzing the relation
between the measured thickness and ﬂuorescence intensity,
as shown in Fig. 6. It is a difﬁcult task, however, because
various factors such as shape changes of adsorbed vesicles
can also affect the ﬂuorescence intensity.
QCM-D and AFM are currently widely applied to the
monitoring of vesicle fusion processes (21,41). They can
also determine whether vesicles are transformed into planar
bilayers and have provided important insights into the
mechanism of the planar membrane formation. SPR-SPFS
has potentially the same applicability as these methods in
terms of observing the membrane formation process in situ
and giving real-time information related to the state of the
formed membrane. QCM-D measures the mass of adsorbed
vesicles including trapped water molecules, whereas SPR-
SPFS measures the ﬂuorescence from membrane-bound chro-
mophores. On the other hand, AFM can image individual
FIGURE 7 FRAP proﬁle of an adsorbed egg-PC/DiD bilayer on an SiO2
substrate (thickness 20 nm). The solid line is a ﬁt to the theoretical model by
Axelrod et al. (39) and Soumpasis (40).
2756 Tawa and Morigaki
Biophysical Journal 89(4) 2750–2758
adsorbed vesicles or planar bilayer disks formed by the
rupture of vesicles. A systematic comparison of the results
obtained by SPR-SPSF with these techniques should give
new insights into the vesicle adsorption and transformation
processes at the solid-liquid interface. Mica has often been
used as substrates for the AFM measurements. A recent
comparative study by the QCM-D and AFM techniques
suggested that vesicle fusion behaviors on mica and silica are
considerably different (41). Application of mica substrates
for SPSF measurements might be technically difﬁcult
because a thin mica layer with a deﬁned thickness has to
be attached on the gold substrate. On the other hand, it is
possible to deposit oxide layers of various compositions by
the sputtering process (i.e., doping of silica, deposition of
titanium oxide, etc.). In recent years, there have been some
studies which combined SPR with QCM-D, resolving the
amount of adsorbed vesicles and planar bilayers during the
vesicle fusion process (42,43). Since SPR-SPSF provides
information more directly related to the topography of
adsorbed membranes, its application with QCM-D should
vastly enhance the quality of acquired information.
Another signiﬁcant feature of SPR-SPFS is the fact that it
can assess the physicochemical properties of the membrane
by utilizing diverse ﬂuorescence-based analytical techniques.
As an example, we have demonstrated the application of the
FRAP technique to the evaluation of the lipid lateral mobility
within the adsorbed planar bilayer membrane. Though the
necessity to label the sample with a ﬂuorophore is an obvious
drawback, the amount of ﬂuorescence marker can be mini-
mized because of the superior efﬁciency of surface plasmon
excitation. In this study, we used the ﬂuorescence marker
(DiD) in the ratio of 1:10,000 with respect to egg-PC mol-
ecules, but the ratio could be further reduced with more
efﬁcient optical detection systems.
Finally, the development of two-dimensional analysis by
SPR-SPFS is described. Fluorescence microscopy has been a
major analytical technique for studying planar bilayers on
solid substrates. There are a number of variations of ﬂuo-
rescence microscopy, including total internal reﬂection
ﬂuorescence (13,44), ﬂuorescence interference contrast micros-
copy (45,46), and ﬂuorescence resonance energy transfer
(47). They have been providing very speciﬁc and detailed
information on the topography and physicochemical prop-
erties of adsorbed membranes. Therefore, application of the
microscopic imaging technique is an important extension for
the currently developed analytical approach (SPR-SPFS
imaging). Although SPR-SPFS has lesser resolutions com-
pared with AFM or other optical microscopic techniques,
simultaneous mapping of the thickness and ﬂuorescence
intensities should greatly enhance the obtained information
that is useful for diverse applications including ligand-receptor
binding assays. Parallel observation of spatially differenti-
ated model cellular membranes (e.g., micropatterned lipid
bilayer membrane arrays) should be especially valuable for
technological applications such as high-throughput screening.
CONCLUSION AND PERSPECTIVES
We have demonstrated that combined SPR-SFPS is an
effective tool for the monitoring of vesicle fusion processes
and the physicochemical evaluation of substrate-supported
biomimetic membranes. SPR determines the thickness of
adsorbed lipid materials in the subnanometer precision,
whereas SPFS provides information related to the topogra-
phy and physicochemical properties of the membrane. As
shown by the example of FRAP measurements, various
ﬂuorescence-based analytical techniques can be readily
combined with SPR-SPFS. Furthermore, the technique has
the possibility to be integrated into a microscopic imaging
system, enabling parallel analyses of arrays of model cellular
membranes. On account of these features, we envisage that
SPR-SPFS has the potential for becoming a new standard
detection tool for membrane-based biochips and sensors.
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